The moiré superstructure of graphene grown on metals can drive the assembly of molecular architectures, as iron-phthalocyanine (FePc) molecules, allowing for the production of artificial molecular configurations. A detailed analysis of the Gr/Co interaction upon intercalation (including a modelling of the resulting moiré pattern) is performed here by density functional theory, which provides an accurate description of the template as a function of the corrugation parameters. The theoretical results are a preliminary step to describe the interaction process of the FePc molecules adsorption on the Gr/Co system. Core level photoemission and absorption spectroscopies have been employed to control the preferential adsorption regions of the FePc on the graphene moiré superstructure and the interaction of the central Fe ion with the underlying Co. Our results show that upon molecular adsorption the distance of C atoms from the Co template mainly drives the strength of the molecules-substrate interaction, thereby allowing for locally different electronic properties within the corrugated interface.
Introduction
Co layers can partly recover the bulk value of the planar lattice constant (2.42Å), which is almost commensurate with that of freestanding Gr (2.44Å). 17 Moreover, the first Co intercalated layer shows a magnetic anisotropy with an out of-plane easy magnetization axis, 12, 14 in contrast to its bulk configuration. The combination of these magnetic properties with strong corrugation makes this substrate an ideal template for growing organo-metallic nano-architectures, with the final aim at designing low dimensional nano-scaled spintronic devices.
In this paper, we first perform a theoretical investigation, based on density functional theory (DFT), of the interaction between Gr grown on Ir(111) and an intercalated layer of Co, with special attention to the comparison with experimental photoemission data (X-ray Photoemission Spectroscopy, XPS). This first step is preparatory to understand the assembly and the interaction process of FePc at increasing molecular density. A detailed understanding of the role of the macrocycle ligands and of the Fe metal ions in the interaction process, as a function of the adsorption sites, is addressed by means of core level photoemission and absorption spectroscopies. Our findings show that the FePc adsorption on the valley regions of the moiré superstructure is favoured in the submonolayer regime, while the hills are filled lastly. Accordingly, a strong Gr-mediated electronic interaction between Fe atoms and the Co interface is revealed at low molecular coverage.
Results and Discussion
In this section first we discuss how the interaction strength (as measured by C chemical shifts) of Gr/Ir intercalated with Cobalt is modified by the corrugation due to the moiré patterning. Next, based on these results, we present and discuss the interaction of FePc on Gr/Co, as measured by XPS and NEXAFS.
Graphene interaction with intercalated Co: a theoretical perspective
The chemical shifts of carbon atoms for Gr/Ir intercalated with a Co monolayer have been recently studied by means of photoemission spectroscopy. 11, 12 The XPS spectra (also reported in Fig. 2d ) Figure 1 : Left panel: C1s core-level shifts computed for the two non-equivalent C atoms of Gr@Co(0001) in top-fcc registry (C atoms at fcc-hollow and on-top sites; through the paper, registries are named according to the position of the two Gr atoms on the hpc surface), with increasing graphene-Co distance and represented as Lorentzian functions with a width of 0.1 eV. The average of the CLS computed for GR@top-fcc at 2.05Å distance was used as reference, here set to zero. Right panel: top view of the studied fcc-top Gr@Co(0001) geometry with the grey representing C and blue Co atoms. The top Co layer is represented in a lighter blue. The 1×1 unit cell is reported. Circle and triangle symbols refer to fcc and top adsorption sites, respectively. Diamond symbols correspond to the hcp site. show a double peaked line profile, with components at 284.92 and 284.42 eV. When one Co layer is intercalated between Gr and Ir, graphene shows a characteristic moiré pattern due to the lattice mismatch with a pronounced corrugation (the peak-valley modulation of C atoms is experimentally estimated to be 1.2-1.8Å 14 ) . Both corrugation and hybridization of the graphene layer are expected to influence the C1s core level line shape, as observed for other corrugated graphene layers grown on selected metallic surfaces, like Ru(0001), Rh(111), and Re(0001). 10, [19] [20] [21] The double component of the XPS spectra can be associated to a corrugated graphene layer, where the peak with lower binding energy is due to carbon atoms weakly interacting with the surface, while the high-energy peak results from highly interacting carbon atoms. Detailed DFT calculations on Gr/Ni/Ir(111) 22 and Gr/Re(0001) 20 interfaces have been employed to simulate structural properties and XPS spectra and they further support this interpretation of the two XPS peaks observed experimentally. In order to better understand the origin of the two-peaked structure of XPS spectra obtained from Co-intercalated Gr/Ir, we have also performed ab initio calculations based on DFT.
The description of graphene corrugation requires a large unit cell of 200 C atoms plus the underlying Co surface. After the geometry optimization of such a large system, the XPS spectra should then be determined using the core-level shifts computed for each of these C atoms. Based on previous results for Gr/Re(0001), 20 we began by studying the dependence of the C1s chemical shifts on the C-Co distance and relative registry, neglecting the moiré corrugation of graphene, which permits the use of smaller unit cells. Then we combine this information with a model for the moiré patterning which permitted to simulate the actual XPS C1s energy splitting without explicitly performing a calculation for each of the 200 C atoms. The smaller unit cells and the smaller number of calculations required, lowered considerably the computational cost for the XPS spectra calculation.
XPS of flat graphene @ Co
We start with the study of graphene adsorbed flat on Co(0001). As discussed in the literature, 17 there is only a small mismatch (smaller than 1%) between Co bulk and free standing Gr lattice constants (2.42 and 2.44Å, respectively, according to our calculations, and in good agreement with existing data 17 ). Graphene is then found to grow flat on Co(0001) with a commensurate lattice. 11, 17, 23 Among several possible registries, the one in which graphene occupies the so-called top-fcc positions has been shown to be the most stable. 24 In this registry, C atoms occupy two non-equivalent sites of the hcp Co(0001) surface, one on-top and the other fcc-hollow, as illustrated in the right panel of Fig. 1 . From the experimental point of view, the existence of two main components in the C1s peak of Gr adsorbed flat on Co (energy splitting of about 100 meV) was recently proved by monitoring the linewidth modulation, as a function of the emission angle. 11 More recently, by photoelectron diffraction measurements performed on the same system, a separation value between the two main components of about 270 meV has been estimated. 25 At the DFT-LDA level, the optimized Co-Gr distance for this configuration is found to be 2.05Å, in good agreement with existing literature. 17, 24 The C1s core-level shifts computed for these two C sites differ by about 180 meV. The splitting between these two peaks had been previously computed within the initial states approximation in Ref. 25 (ISA), where a larger value of 350 meV was found. This discrepancy can be explained by the fact that ISA neglects relaxation effects of the valence and core electrons upon ionization of the core. In particular, within ISA, the binding energy of the photo-emitted core electron is approximated, in a Koopmans-like approach, by minus the core level eigenvalue. Instead, the method that we have used, the core-hole ∆SCF approach, takes the opposite limit and assumes that the valence electrons fully relax to the presence of the hole created at the core during the photoemission process. The core level energies are then computed as a difference of total energies between the initial and final states of the system, in which the valence electrons are in their ground state both before and after the core electron removal.
A full C-Co distance dependence of the C1s core level shifts is shown in Fig. 1(a) , which proved to be largely independent of the registry (see SI). Interestingly, the shift towards lower binding energies with increasing distance has been found to be definitely larger than the one due to nonequivalent sites. For instance, the energy shift for the average of the two core level shifts computed at 2.05Å and at 3.30Å Gr/Co distances is 0.54 eV.
Modelling the moiré pattern
In order to model the corrugation of graphene on top of the Co surface we considered a 10×10 graphene supercell and used the so called egg-box model in which the heights of the C atoms are
given by 18 h(r) = h avg + 2 9 ∆h
where This suggests that the main driving force for the corrugation of the moiré pattern is the actual local Gr/Co registry. 24 The main outcome of the above model is the distribution of the C-Co distances in the presence of the moiré corrugation, which is plotted in Fig. 2(b) . We then used the core-level shifts computed for the commensurate Gr@Co at different distances and for the different registries to determine the core-level shifts for each of the C atoms in our model. For larger Co-Gr distances, the core level shifts are mostly independent on the registry and on the C sites. In the case of the shortest Co-Gr distances we consider only the relevant registries (involving fcc-and hpc-hollow sites) and take the average of the computed core level shifts for the different C sites. This gives the red curve in (Fig. 2d ).
In the same figure we have also plotted the calculated XPS spectrum of graphene on Ir. The core-level shift of graphene on Ir was computed using a commensurate slab of graphene on 4 layers of Ir, with a lateral periodicity of 4
The lattice parameter used (2.39Å) is an average value of the optimized lattice parameter for graphene (2.44Å) and Ir (2.34Å), in order to minimise the strain/stress on both systems (2% both on Gr and on Ir). A full geometry relaxation was performed in a √ 3 × √ 3 cell resulting in an essentially flat graphene layer with a C-Ir distance of 3.45Å. We have also performed calculations for free standing graphene and for graphene on Co, presented in the SI, of the core level shifts as a function of the lattice parameter. We have used the value computed for free standing graphene, 2.25 eV/Å, to correct the core-level shift for Gr@Ir, computed at a lattice parameter of 2.39Å, towards the value expected for a lattice of 2.44Å.
So far we have considered an ideal moiré patterning (egg-box model), as described by Eq. (1), while the actual degree of corrugation is not only related to the lattice mismatched substrates, but also depends on the interaction strength of the Gr layer with the underlying metal surface. It is therefore reasonable to expect that the egg-box model underestimates the number of C atoms close to the surface. In fact, while this model describes well the corrugation of graphene on Ir(111), 18 for the case of Co/Ir(111) the calculated C-Co interplane distances of about 2.0Å (as well as the charge density difference plots at fcc-and hcp-hollow sites reported in Ref. 14 Co, giving the correct two peak splitting seen in the experimental XSP spectra. This is interesting also in view of the possibility of depositing molecules, such as FePc, on the lattice resulting from the moiré pattern. In such a case, described in the following, the molecule-surface distance can be tuned via the corrugation of Gr, thereby influencing the electronic/magnetic coupling at the interface.
FePc on Graphene with intercalated Co layer: adsorption sites and interaction
The corrugated moiré superstructure of Gr, with an intralayer of Co, can drive the assembly of ordered superstructures of organo-metallic molecules. 13 Metal phthalocyanines deposited on Gr/Ir(111) arrange in a nearly square lattice, 4 driven by molecule-molecule interaction with a negligible molecule-surface mixing. Here Gr acts as a buffer layer, efficiently decoupling the molecules from the metallic substrate. 26, 27 Single layer of Cobalt (Fe, Ni) intercalated between Gr and Ir, induces a moiré pattern with a pronounced corrugation and with a similar periodicity as Gr/Ir. The LEED pattern of Gr on Ir(111), with an intercalated ML of Co, presents well defined spots in an hexagonal structure, due to the Co intralayer, in registry with the underlying Ir(111) surface (Fig. 3, left panel) . The moiré superstructure, due to the corrugated graphene, presents the same periodicity and symmetry after the Co intercalation, as clearly shown in the pattern recorded at low primary beam energy, sensitive to the graphene corrugated layer. The highly ordered moiré superstructure is preserved after the FePc adsorption (Fig. 3, right panel ) and the LEED pattern shows spots with similar periodicity, with a slight diffuse background, due to lower ordering of the molecular domains.
Though the symmetry and periodicity of the moiré is unperturbed by the presence of FePc molecules, the surface potential for molecular adsorption is altered for the intercalated systems, compared with the bare Gr/Ir, and can strongly influence the molecular assembly and the moleculesubstrate interaction . 13 The adsorption geometry and the interaction strength of FePc molecules assembled on Gr/Ir(111), after the intercalation of about 1 monolayer (ML) of Co, can be investigated by studying first the role of the macrocycle and then the interaction of the central metal ion by means of absorption and core level photoemission spectroscopies. (Fig. 4a) , presents a first π * -symmetry resonance at about 398 eV photon energy, composed by two unresolved structures due to photoexcitation from the N-isoindole and N-azomethine nitrogen atoms in the pyrrole ring to the LUMO. The higher π * energy structures at 400 and 402 eV rise from transitions to higher unoccupied states mainly localized on the pyrrole ring. 26 The highly dichroic N K absorption edge signal, with in-plane σ * states and out-of-plane π * levels, is independent on the FePc coverage, confirming adsorption of FePc molecules on Gr/Co in a flat lying configuration. Differently, direct adsorption of FePc on Co(001) films, epitaxially grown on Cu(001), unravels a significant molecular deformation due to the FePc interaction with the metallic substrate. The change in the π * region of the spectrum is due to a significant out-ofplane distortion of the molecular structure caused by the mixing with the underlying metallic states . 28 The presence of the graphene buffer layer in FePc/Gr/Co prevents the coupling of the pyrrole macrocycles with the underlying metallic layer, as observed also for FePc/Gr/Ir(111). 26 As clearly stated in the previous paragraph, the C1s chemical shift is strongly influenced by graphene rippling, its spatial variation and the C-Co distances. A fine control of the C1s lineshape, at increasing FePc molecular coverage, can unveil how the moiré pattern can play an active role in the assembly formation. Indeed, in the C1s XPS lineshape, the contribution from the Gr layer and the molecular components coexist (Fig. 4b) . The molecular contribution to the C1s core-level has been accounted for with four Voigt components, 29, 30 associated with the C atoms in the benzene components, as a function of FePc molecular coverage (Fig. 4(b) inset), suggests a hierarchical adsorption with preferential sites for the FePc molecules on the valley regions up to 0.7 ML. The trapping of FePc molecules in the valley regions can be favoured by the modulation of surface dipole moments in the moiré cell due to the different registry between C and Co atoms. Indeed, the large molecular planar polarizability of FePc can be strongly influenced by the electrostatic potential gradient between the valley and the hill regions in the moiré superstructure. 31 Site-selectivity has not been observed for FePc adsorbed on Gr/Ir(111), 6 where the slight corrugation across the moiré unit cell does not drive the molecular assembly and the FePc molecules arrange in a closepacked almost square lattice, where intra-molecular interactions dominate the assembly process. 29 The absorption associated with the a 1g orbital (i.e. the one with a d z 2 symmetry) for the FePc-TF (data from Ref. 33 ), exhibits an intensity reduction for low molecular density. In panel (b) the red (blue) curve represents the in-plane (out-of-plane) polarization, as sketched at the top of Fig. 4 . A selected set of core level photoemission spectra of Fe2p 3/2 , as a function of FePc molecular density (sample sketches are presented in Fig. 5c ) up to the formation of a FePc thick film (TF), is shown in Fig. 5(a) . The core-level lineshape in the FePc-TF is characterized by a broad main peak centered at 709.5 eV BE, whose asymmetry can be associated to the presence of multiplet structure in the photoemission final states of the central Fe +2 ion, as observed also for Fe-phthalocyanine and Fe-porphyrin molecules. 29, 34, 35 Several approaches have been used for evaluating the multiplet structure of the Fe2p core-level, either applying a Zeeman-like final state effect, based on the four split levels m j = 3/2, 1/2, -1/2, -3/2 components of the 2p 3/2 state, 35 or in split states based on their total angular momentum (J = 5/2, 3/2, 1/2). 34 The adopted fit procedure of the edges show a dichroic response, confirming the molecular flat-lying configuration. The electrons excited from the 2p 3/2 or 2p 1/2 initial states induce a multiplet structure. Considering the symmetry, the different main absorption features can be assigned taking into account the ligand field splitting of the Fe-related molecular states, the sequence of spin-split molecular orbitals, and the final spin state (S=1). The main absorption features, for a FePc molecular coverage higher than a ML, reflect the attribution of the main features to the sequence of molecular orbitals for an isolated
FePc molecule or a FePc film. 39 In the out-of-plane polarized spectrum, (Fig. 5 (b) top blue curve), the excited electrons accede to states localized normal to the molecular plane, and therefore the main L 3 peak at 707.5 eV photon energy is due to the a 1g (d z 2 ) empty state and the structure at 706.5 eV can be attributed to the e g (d xz,yz ) states. The Fe L 3 -edge for the FePc sub-ML on Gr/Co maintain the same dichroic in-plane/out-of-plane response (owing to their flat-lying orientation), but with a slightly different lineshape in the near-edge region, with respect to the FePc at higher molecular density. The out-of-plane polarized spectra, sensitive to the molecular levels with a dominant symmetry perpendicular to the FePc plane, show stronger variations. In particular, at the lowest FePc density (Fig. 5(b) , bottom blue curve) the a 1g peak intensity is strongly reduced, as also the pre-edge peak at 706.5 eV, attributed to the e g state. In contrast, the multiplet features The Co coverage has been determined evaluating the Ir4f core level attenuation and checking the lineshape of Gr C1s after intercalation , 11, 12 at the LoTUS and Elettra laboratories. At the BOREAS beamline, the Co coverage was calibrated with Auger Electron Spectroscopy and then confirmed by evaluating the jump-edge ratio. 40 Finally, Co intercalation was obtained by annealing the sample to 500-800 K for several minutes, according to Ref. 11, 12, 14 After the intercalation of Co, the LEED presents the moiré superstructure pattern, up to about four Co layers.
The commercially-available AlphaAesar FePc molecules were deposited by using a homemade resistively heated quartz crucible. The FePc evaporation rate was 0.30±0.05Å/min, measured with a quartz-crystal-microbalance considering a molecular film density of 1.52 g/cm 3 .
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The estimated nominal thickness, with an error of the 15%, was double-checked, at LoTUS and Elettra laboratories, by evaluating the Ir4f further attenuation and by comparing the N 1s corelevel (not shown) intensity at each growth step.
Computational details
Density functional theory calculations were performed using the Quantum ESPRESSO 42 package.
The local density approximation (LDA, Perdew-Zunger parametrization 43 ) was adopted together with plane wave basis set and norm-conserving pseudo-potentials to model the electron-ion interaction. The kinetic energy cutoff for the wave functions was set to 75 Ry. Specifically, the XPS calculations for graphene on Co are performed considering a commensurate 4×4 supercell of graphene on top of a Co(0001) slab with four layers of Co atoms. The Brillouin zone was sampled by using a 4×4×1 k-points grid. The supercell was checked (up to 8×8 for free-standing graphene) to be large enough to accomodate a single C pseudopotential with a full 1s core-hole avoiding spurious interactions with its replica. The (relative) chemical shifts of C1s levels for non-equivalent C atoms were computed 44 as total energy differences between systems with the same geometries with and without core-hole inclusion. The core level shifts were computed for different distances between graphene and the Co surface. Different registries were also considered.
